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ABSTRACT

Vibration Analysis offers a means of detecting faults in gear systems without the need
for costly periodic overhaul and inspection, and promises substantial cost savings in
several military platform applications. The correlation of vibration analyses with
fatigue crack growth forms an essential part of ongoing research aimed at maximising
the information which can be obtained from vibration analyses. This report discusses
the use of fractographic analysis to determine the growth behaviour of fatigue cracks

in four case-hardened low-alloy steel spur gears.
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Crack Growth Behaviour of Spur Gears: A
Fractographic Analysis

Executive Summary

AMRL have developed techniques for early detection and diagnosis of machinery
faults using vibration analysis. These techniques offer the potential for replacing or
minimising costly periodic gearbox overhauls and inspections. A major requirement,
however, is validation of the vibration analysis methods using information derived
from alternative defect analyses. A dynamic test rig has been set up to generate
fatigue cracks in four ‘aircraft quality’ spur gears. This aims to establish a correlation
between fault indices generated from in-house vibration monitoring software, and the
actual fault growth. The fault index used is the kurtosis which is an indication of the
localised damage of the gear tooth. While surface inspections provide some indication
of crack growth, detailed investigation of the growth into the gear is required, to
correlate crack size with the fault index.

Quantitative fractography techniques have been used by AMRL for over 20 years.
These techniques are still being refined and new methods are being developed. Such
analyses can be used to diagnose failures and to obtain both qualitative and
quantitative information. The fractographic analysis of a fatigue fracture involves
understanding that specific marks on the fracture are the result of specific events in the
load history which produced the cracking. Consequently a crack depth versus time
curve can be produced which ideally will represent the crack growth from an initial
defect up to the crack depth at which the component failed or the crack was opened.

This report documents the detailed investigation of the fracture surfaces of the gears to
determine their crack growth curves. Many factors contributed to the difficulty of
locating marks, such as three dimensional relief and the fragmented nature of the crack
front. While the gears showed the expected trend of crack depth increasing with time,
some showed an initial rapid crack propagation followed by a slower propagation
rate. This was due primarily to the significant change in loading applied to the gears.
Correlations were made with the kurtosis trend and the surface inspection results,
which have been found to be useful in gear rig tests as an indication of the presence
and approximate location of the crack respectively. Recommendations were suggested
to modify the operation of the gear rig to produce more useful crack growth curves.

This analysis will assist in developing crack growth data from vibration analysis data,
and will therefore help to provide vibration analysis results which can be related to
gear life in service.
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1. Introduction

1.1 Background

Four pairs of case-hardened low-alloy steel spur gears were tested as part of ongoing
research at AMRL into fault detection using vibration analysis. Such analysis can
provide warning of the development of cracks and other faults in gear systems, and a
major research objective is therefore to establish a correlation between the actual fault
growth and the condition indices generated using the vibration techniques. Currently,
the progress of the crack is physically monitored by a non-destructive inspection
technique called the Magnetic Rubber Inspection (MRI) technique, which has
significant limitations.

Fractographic techniques were used to determine the crack growth curves for these
gears. These results have been correlated with the MRI results and finally with one of
the condition indices.

1.2 Fractography

Fractography is the analysis of fracture surfaces. Fractographic assessment of fatigue
cracking has been used for many years to diagnose failures and to obtain both
qualitative and quantitative information about crack growth. The diagnosis of fatigue
usually includes a detailed and careful examination and analysis of the markings
which are present on the fracture surface. The spacing and occurrence of these marks
can be used as a quantitative assessment of crack propagation rate and cyclic history.
Both optical and electron microscopes are used to observe the fractures. The quality,
direction and nature of the lighting employed for the examination is a crucial factor in
the microscopic examination of fractures. This will become apparent in subsequent
sections of this report, which details the fractographic analysis of the four gears.
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2. Fractographic Methods

A large amount of information can be obtained about crack growth using fractographic
methods. The actual fracture mode can be established, initiation sites can be located,
and if the load history is known, it is usually possible to obtain a crack growth curve
for a fatigue fracture, relating crack size and events in the load history.

A fracture can be examined in two ways - macroscopically and microscopically.

2.1 Macroscopic Examination

Typically, macroscopic examination means observation of the specimen with the
unaided eye. However, in terms of fractography, it can be used to describe specimen
examination up to a magnification of 50. Information can be extracted from
macroscopic marks sometimes known as progression markings (see Figure 2.1). The
individual marks represent successive positions of the crack front where propagation
conditions change as the crack grows through the metal. They can be produced by :

(a) Variation in cyclic loads.

(b) Arrest of crack growth by a period of rest with a subsequent accretion of
corrosion products at the crack tip [1].

(c) Changes in propagation mode.

Figure 2.1 Prominent progression marks emanating from a Macchi wing spar/undercarriage
attachment bolt hole
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2.2 Microscopic Examination

Fatigue fractures consist of 3 zones [2] which are commonly called :

Stagel ~*  Initiation zone
Stage II Zone of stable crack growth
Stage III Zone of accelerated crack growth. -

Cycle by cycle crack growth properties are obtained from Stage II which is
characterised by the microscopic marks known as striations shown in Figure 2.2. Each
striation-is a representation of the advance of the crack in one load cycle, and counting
can be used to analyse the crack propagation portion of fatigue life. Striations are more
readily visible in ductile materials which have many active slip planes, and are less
visible in high strength steel which has a smaller number of active slip planes than

Figure 2.2 Fatigue striations in a 7050 aluminium alloy, com;ﬁdct tension specimen, 5000x

3. Gear Rig Tests

This investigation originated in another task conducted at AMRL, investigating faults
in spur gears [3].

A spur gear rig has been set up whereby a pair of case-hardened low-alloy steel, spur
gears are run under load. The gears have a spark-eroded notch initiated at the root of
the tooth of the pinion gear, to provide a definite initiation site for a crack and to
guarantee the growth of a crack. The purpose is to establish a correlation between the
mechanical condition of the gear, ie the crack growth, and the fault indices generated
from vibration analysis techniques.

One of these indices is the kurtosis (the fourth statistical moment). This is an indication
of the peakiness of the signal corresponding to a localised fault, which in this case is
the crack in the tooth. Experience suggests values of kurtosis over 3.5 are regarded as
indicating the presence of a crack.
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A non-destructive inspection technique used to monitor the crack growth after each
run of the rig is the Magnetic Rubber Inspection (MRI) technique. This method is based
on magnetising the specimen, and applying a rubber solution which contains magnetic
particles to the suspect area. The particles become aligned around the crack due to a
disruption in the magnetic field, highlighting the crack path which can then be
measured by a calibrated microscope.

This method provides a good estimate of the propagation of the crack on the surface
but gives no indication of the crack depth. For that reason, fractographic techniques
are required to derive a reliable crack growth rate. The four gears used in the recent
tests were labelled A2-1, A2-2, A2-3 and A2-5. A2-4 was not used since it was
discovered that the crack did not run parallel with the root of the tooth. All gears were
identical in terms of their material, heat treatment and notch geometry. Each gear had
a crack-starting notch size of 2mm long, 0.1mm wide and 1.0mm radius deep.

4. Loading On Gears

Figures 4.1 to 4.4 show the loading sequences applied to the gears. The loading was
dependent on the kurtosis level. To prevent damage to the gears, as soon as the
kurtosis exceeded a given critical value, the load was reduced. Similarly, if there was
no change in the kurtosis for a long period of time, the load would be incremented.

4.1 Loading of Gear A2-1

The loading sequence for this gear consisted of four runs as can be seen in Figure 4.1.
The rig was run at the maximum load of 45kW for the entire first run. After
approximately 3.5 hours the monitoring system showed the kurtosis to increase to a
value of 3.25, at which point the rig was shut down. In the second run, the kurtosis
jumped quite significantly when the load reached 39kW. Hence when it was further
increased to 45kW the increase of kurtosis to approximately 4.2 resulted in an
immediate unloading sequence and end of the run. Lower loads were applied in the
third run to produce a more gradual propagation of the crack and to minimise any
discrepancies between the kurtosis indices and the actual condition of the cracked
tooth. Hence the load was left at 33kW and after 45 minutes the unloading sequence
began. In the final run, the load was started at a conservative level of 5kW since the
crack had already progressed by an extensive amount (as indicated by the MRI results,
see Section 6). The rig was shut down at a loading of T0kW.
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4.2 Loading of Gear A2-2

The loading sequence for this gear consisted of three runs as can be seen in Figure 4.2.
In the first run the gears were loaded at the full load of 45kW as for the previous gear.
Only this time, at approximately two hours into the run, the load was reduced to 10kW
and then reloaded to 45kW. This was done for reference purposes. The second run had
the gears loaded to 21kW initially whilst the kurtosis was being monitored. Loading
was then increased to 27kW and then to 33kW, where after a while the kurtosis began
to rise steadily. Once the kurtosis reached a critical value the rig was shut down. The
final run started with a conservative load again of 5kW. When this was increased to
10kW there was a sudden increase in kurtosis and the load was reduced immediately.
Then as can be seen, the load was increased in small steps until the kurtosis value
indicated a substantial amount of crack propagation.

4.3 Loading of Gear A2-3

The loading sequence for Gear A2-3 consisted of three runs, with the first and third
run split over two days, as indicated in Figure 4.3. A load of 45kW was maintained
throughout the first run, however it should be noted that approximately 2 hours into
the run there was a sharp drop in the kurtosis which can not be noticed in Figure 4.3.
The second day of the first run was also maintained at 45kW until such time that the
kurtosis signified a crack in the tooth. The second run started at a conservative level of
5kW. A sharp peak is seen at the point where the load was increased to 15kW resulting
in a sudden kurtosis jump. The load was then increased in stages once the kurtosis
increase was stabilised. This continued until shut down at 16.3kW. The third run
began at a loading of 5kW and then to 10kW once the kurtosis had time to settle. It was
at 15kW that the kurtosis increased and the rig shut down at the end of the working
day. In the final day, the loading was left at 15kW for the bulk of the time, to give the
kurtosis time to gradually increase. Towards the end of the run, the gears were loaded
up in steps, until at 30kW, the kurtosis increased steadily. This indicated the crack was
propagating and the rig was shut down.

4.4 Loading of Gear A2-5

The loading sequence for Gear A2-5 also consisted of three runs with the first run split
over two days, as indicated in Figure 4.4. The loading was similar to the earlier
sequence of Gear A2-3. The gears were loaded at 45kW for the first and second day of
the first run. The rig was shut down when the kurtosis climbed to a value of 3.7 at
approximately 6.5 hours. In the second run, there was a sustained rise in the kurtosis at
the load level of 12kW. The run was terminated at approximately 9 hours. The final
run consisted of varying load increases with an accompanying fluctuation in the
kurtosis trend, but there was nothing to indicate the progression of the crack. Hence
the run was completed at approximately 12 hours.
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5. Surface Photographs

Before the fracture surfaces of the gears were investigated, digital photographs were
taken of the surface of the gears. To obtain a simple photograph, the lighting had to be
manipulated extensively to get illumination which would show the crack. The problem
was that each gear had grinding marks produced from manufacture, and these marks
sometimes ran in the same direction as the crack, making the crack very difficult to see.
The photographs were captured digitally using Adobe Photoshop. Figure 5.1 is a
surface image acquired of Gear A2-3, showing the crack from the root of the tooth
extending into the middle of the tooth.

The images were calibrated and the final crack length was measured using a line
measuring tool. This was done in two ways. First a simple straight line estimate was
obtained from the root of the notch where the edge crack started, (indicated by the
white arrow in Figure 5.1), to the end of the crack. Secondly the distance was measured
by tracing out a line along the crack. Although this latter measurement is a more
accurate representation of the crack depth, the straight line distance was used to
compare with the MRI results (see Section 6). Table 5.1 shows the distances obtained
using this method on three of the four gears. Gear A2-1 had already been cut open and
hence no surface photograph could be obtained. In addition the crack on the ‘inside’ of
Gear A2-2 could not be detected due to the interference with the grinding marks. (The
terms ‘inside’, and ‘outside’ when referring to the gears means the sides of the gear
closest to, and farthest from, respectively, the input shaft support bearing on the gear

rig).

E IR W X AN

Figure 5.1 Surface of Gear A2-3 showing edge crack (indicated by arrow)



Table 5.1 Surface crack depths of the gears

DSTO-TN-0137

CRACK DEPTH ( mm)
GEAR ESTIMATE | ACTUAL

A2-2 inside Could not detect the crack

A2-2 outside 1.52 1.65
A2-3 inside 3.25 3.62
A2-3 outside 3.14 3.36
A2-5 inside 2.02 2.10
A2-5 outside 0.64 0.69

6. Magnetic Rubber Inspection (MRI)

As was stated in Section 2, the MRI technique was the non-destructive tool used to
obtain the length or depth of the crack after each run of the rig. It is important to
distinguish between crack length and crack depth when discussing crack
measurements. The crack emanating from the notch is three dimensional. Looking at
the view of the notch in the root of the tooth from the gear face (Figure 6.1), the crack
can be seen extending from both sides. That length is known as the crack length.
However the same crack is also penetrating into the gear, to a distance which can only
be estimated visually once the crack reaches the edge of the root, as shown in Figure
6.2. This length is known as the crack depth. Hence from the MRI measurements, only
the crack lengths can be measured until such time that the crack becomes an edge
crack, and then the crack depths are measured.

Figure 6.1 Crack length extending from

notch

Figure 6.2 Crack depth extending from root

of tooth



DSTO-TN-0137

Using a microscope, the cracks were measured on all the MRI impressions. When
performing MRI-measurements, it was sometimes very difficult to determine when the
particles ceased to trace out a crack length. Interpretation of where the crack begins or
ends is highly subjective. The results are shown in Table 6.1. Once the crack reached
the edge of the tooth, its size on the inside or outside face was measured from the

edge, labelled as ‘down’ in the table.

Table 6.1 Crack lengths and depths obtained from Magnetic Rubber Inspection

Crack Measurements from Magnetic
Rubber Impressions (mm)
GEAR RUN INSIDE OUTSIDE
A2-1 1 11 0.95
2 1.15 1.05
3 1.3 down 0.55 down
4 2.9 down 0.7 down
A2-2 1 15 1.8
2 0.6 down 1.9 down
3 0.7 down 2.2 down
A2-3 1/2 3.2 down can not detect
3 3.5 down 3.6 down
A2-5 1 2.5 down 0.85 down
3 2.7 down 0.95 down

The only values that could be compared, were the final crack depths measured from
the MRI results, and the depths obtained from the surface pictures. When the MRI
impressions were measured, a cross hair in the microscope eye piece was used to trace
along the crack. Since this can only trace out a straight line distance, it seemed feasible
to compare these values with the straight line distance taken from the surface pictures.
Considering the room for error in the MRI results, the final crack depths of all the
gears using both methods are in reasonable agreement. Table 6.2 shows these results.

Table 6.2 Comparison of final crack depths

Magnetic Rubber Surface
GEAR Inspection Image

Estimate
Gear A2-2 outside 2.2 1.52
Gear A2-3 inside 35 3.25
Gear A2-3 outside 3.6 3.14
Gear A2-5 inside 27 2.02
Gear A2-5 outside 0.95 0.64

10
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7. Cutting of Gears

This part of the task was significant in that the way the gear was cut had a bearing on
the results obtained. Initially a large abrasive saw was used to cut off the section
surrounding the tooth of interest and including up to two adjacent teeth on both sides.
Then a slow speed diamond saw was used to cut through the gears.

Precautions had to be taken to ensure that the fracture was not damaged. The gear had
to be cut in such a way so that the crack could be opened easily to reveal the fracture.
Clearly, it was extremely important that all the fracture was left, that is, the end of the
fracture surface was not destroyed.

The distance between the end of the cut and the end of the crack needed to be smaller
than the distance between the end of the cut and the surface edge of the gear, to
decrease the chance of the gear being broken in the wrong place.

8. Fracture Surfaces

8.1 Optical Examination

The next stage of the investigation was to examine the fracture surfaces of all the gears,
both macroscopically and microscopically, using various microscopic techniques.

8.1.1 Macroscopic Examination

Macroscopic examination of the fracture in a binocular microscope, provided a clear
picture of the characteristics of the fracture. The first feature which was quite distinct
and common to all the fractures was the extent of relief. That is the fracture was very
three dimensional, and a two dimensional view could highlight different features
depending on the illumination.

Typically, two main regions could be distinguished: the region of fatigue and the
region of overload or fast fracture. Depending on how the gears were cut, the region of
overload could usually be distinguished by its distinct change in texture and
brightness. Around the notch of some of the gears, there was evidence of rubbing
shown by the highly reflective smooth surface. Progression marks were obvious on
some of the fractures, while on some not even one mark could be located. Some of the
gears were stained; the staining was possibly caused by water or magnetic rubber
being trapped in the crack.

11
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8.1.2 Microscopic Examination

Steels have very different fracture characteristics from aluminium alloys. On a microscopic
level, striations can be clearly observed in ductile materials such as aluminium alloys (as
shown in Figure 2.2). However steels tend to produce striations which are very difficult to
see. Hence, it was not surprising that the gear fractures produced few, scarce striations
which only formed in discrete areas. The scanning electron microscope was used to search
the fractures for striations, however even at very high magnifications, striations could only
be found at a few locations around the crack front. Figure 8.1 shows a region of the fracture
Gear A2-1 in which a small patch of striations are visible. (the white arrow points in the
direction of crack growth).

Various techniques exist to obtain crack growth data from fracture surface markings [4].
The basic approach is to obtain calibrated images of striations at many positions along the
depth of the crack. Computer-Automated techniques which can be carried out are 1D Fast
Fourier Transforms, 2D Fast Hartley Transforms and Peak Count Measurements.

These techniques have all been used successfully to determine striation spacing for
aluminium alloys. However, striations are usually easily seen in ductile materials. In the
fractures of the steel gears, because of the difficulty of obtaining good striations at a range
of crack depths, the fractography measurement was performed using the macroscopic
progression marks. Such marks usually represent a significant change in loading as in the
case of some of the loading sequences in the gear rig. Hence information was gathered by
correlating the marks on the fracture surface with the known load sequence that was
applied to the specimen.

Figure 8.1 Scanning electron micrograph of Gear A2-1 showing fragmented striations (white
arrow) 5000x
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8.2 Digital Images of Fracture Surfaces

It was necessary to determine the best method of observing the macroscopic marks on
the fracture surfaces. Surface images were acquired both digitally and with film. The
film produced clear images which is essential in locating marks, and assists in the
correlation with the loading. However, despite the quality of these images, the process
was very time consuming. Adjustments had to be made to the focus, the lighting, the
exposure, and the depth of field, to obtain one image. This did not guarantee that the
resulting photo would show the desired marks.

With a digital image, all the work was done directly on the screen. The light and
contrast could be adjusted on the screen until the mark required was observed. Then
when all the parameters were set, the image was captured. The images could be
calibrated quite easily so that distances between marks could be measured. The lines
on the gears were very difficult to see and in many instances, the speed of the digital
approach minimised the chance of ‘losing’ the location of a particular mark. (The
chances of this were greater in an image taken with film since the waiting time
included the developing and processing of the film). Digital imaging of the fracture
surface turned out to be quicker and more effective, especially in the case of the gears.

8.3 Fracture Surface of the Gears

Figures 8.2 to 8.5 show the fracture surfaces of the four gears acquired using an image
analysis package. Indicated also are the results of the MRI which will be discussed
briefly in Section 9. These images show the overall fracture of the gears in one view. In
order to see all the marks associated with the crack growth curve, the magnification
had to be increased, and the lighting conditions and contrast had to be changed
constantly to see the marks.

Staining can be seen clearly in Gear A2-3 and Gear A2-5. This made it even harder to
see any prominent marks on the fracture. A similar problem occurred with the rubbing
around the notch which can clearly be seen as the bright reflected regions in Gear A2-1
and Gear A2-5. Along the sides of most of the fractures there were some very bright
regions. These actually correspond to the iron carbide particles formed during the
carburising of the gears. There were more distinguishable features on these fracture
surfaces. Section 10 will deal with the marks observed in detail.

13
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"
2 mm GEAR A2-1

Figure 8.2 Fracture surface of Gear A2-1 with corresponding results of the Magnetic Rubber
Inspection

Figure 8.3 Fracture surface of Gear A2-2 with corresponding results of the Magnetic Rubber
Inspection

14
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2 mm GEAR A2-3

Tho 1w

RUN #1/#2=17 RUN #1/#2 =320 mm
RUN #3 = 3.60 mm RUN #3 = 3.50 mm

OUTSIDE INSIDE

Figure 8.4 Fracture surface of Gear A2-3 with corresponding results of the Magnetic Rubber
Inspection

RUN #1 = 0.85 mm
RUN #3 = 0.95 mm

OUTSIDE INSIDE

Figure 8.5 Fracture surface of Gear A2-5 with corresponding results of the Magnetic Rubber
Inspection

15
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9. Correlation with MRI Results

The MRI results obtained previously were drawn to scale over the digital images just
obtained (see Figures 8.2 to 8.5). This way, the crack lengths and depths measured at
the end of each run, or whenever an impression was taken, could be used as an
approximate guide as to where any macroscopic progression marks should be located.
When obtaining the crack growth curves, the MRI results were used as an indication of
where the crack was at any stage to help with the classification of the marks.

The values of the final crack depth are compared in Table 6.2, where the MRI results
are compared to the surface image depths; the values agreed reasonably well. In the
fractures of Section 8, a comparison was made of the final crack depths shown on the
fracture surfaces with those indicated by the MRI results. In all gears there was a good
correlation. The MRI results slightly overestimate the depth as can be seen in Gear A2-
5 (Figure 8.5) where the MRI estimate of the end of the third run, is beyond the line
where it fractures. The MRI results also overestimated the crack size in Table 6.2.

10. Crack Growth Curves

Many different images were used to determine which marks on the fracture correlated
with loads from the sequence. The marks were dependent on which microscope was
used, and extremely dependent on the quality of illumination. The procedure for
obtaining the crack growth curves for all four gears was as follows.

Once a mark was observed, the load history curves (Figures 4.1 to 4.4) were used to
determine which load feature caused that particular mark. Since progression marks
arise due to arrests of the crack by periods of rest or by variation in cyclic loads, the
end of a run should produce a mark, since the load drop is significant. Also any other
time when the load was suddenly increased or decreased during the run should result
in a mark. The term load feature is used to describe these instances. This was repeated
for all the marks until a final correlation was obtained for the marks and their
corresponding load features.

The distance to that mark was measured from the centre of the notch and the time in
hours associated with that mark was noted. It was important to measure all the marks
along the same line since the crack behaved differently on different sides of the notch.
Then the actual crack depth measurements were obtained by calibrating the image.

Finally plots of crack depth versus time in hours were obtained in conjunction with
plots of the log of the crack depth versus time. (The reason for this is because a log-
linear curve of crack growth under a stable loading condition is often observed to
produce a straight line).
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10.1 GEAR A2-1

Table 10.1 indicates the distances to each mark shown with their corresponding load
feature. Each record contains the load which produced it, the time of that load in
hours, and a label for that mark (in this case from A to F). Also two distances are seen
in the final two columns. The first is the raw depth which is simply the distance to the
mark from the centre of the notch as measured from the image. The final column
shows the actual distance of the crack using the scaling factor for that image. The
format of this table is the same for each gear. The marks on the fracture surface of Gear
A2-1 can be seen in Figure 10.1, indicated by the arrows. (Note that these marks will
not always be visible in this report as they were on the screen).

The first point used on the crack growth curve was the initiation site since this is a
known location on a macroscopic scale. At time = 0 hours the crack depth equals the
notch radius since the distances were taken from the centre of the notch. The notch has
a length of 2mm and hence the radius is approximately Imm. This is the mark labelled
A in Figure 10.1.

The aim was to match the marks seen with the most prominent part of the load history.
Marks B and C were the most prominent in this fracture surface. They were seen
running parallel along the right side of the notch but were not very clear on the left
side. For that reason the right side of the fracture was the focus for this gear. Looking
at the load history, for Gear A2-1 (Figure 4.1) the two prominent load features were
obviously at the end of runs one and two. The load at this time was reduced from
45kW down to zero and with such a significant drop in load occurring within an hour
from each other, it is feasible to expect two distinct marks close to each other.

The final mark (F) was known, since obviously the crack ceased growing when the last
run was completed.

The final two marks were ones that were observed using different lighting conditions
and higher magnification. Mark D is a mark that can be clearly seen on the boundary
but not very well on the inner surface. It corresponds to the end of run number 3.
Finally, mark E is a small mark corresponding to the last run when the load is
incremented from 5kW to 10kW. The crack depth versus time curve resulting from
this, can be seen in Figure 10.2. The general trend of crack depth increasing with time
can be seen quite clearly. The corresponding log-linear curve is shown in Figure 10.3.
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Table 10.1 Crack growth analysis for Gear A2-1

Run Date Time Load Mark Raw depth | Crack Depth

(hours) (kW) Label (mm) (mm)

1 14/04/96 0 0 A 37 1

1 |4/04/96 | 3.4667 45 B 95 2.57

2 | 18/4/96 | 3.7536 45 C 101 2.73

3 |23/4/96 | 4.6383 33 D 115 3.11

4 5/03/96 | 5.5064 5 E 141 3.81

4 |5/03/96 | 5.69 0 F 154 4.16

GEAR A2-1

Figure 10.1 Indication of progression marks on fracture surface of Gear A2-1
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Figure 10.3 Log-Linear crack growth curve for Gear A2-1
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10.2 GEAR A2-2

The next gear investigated was Gear A2-2. Table 10.2 shows the data relating to this
gear, similar to Table 10.1. Figure 10.4 shows the fracture surface for Gear A2-2 with
the marks indicated by the white arrows.

This fracture surface did not have any obvious distinguishing marks like Gear A2-1.
The marks were all very subtle, making it extremely difficult to correlate the loads with
the markings. In fact Gear A2-1 was the only gear of the four that showed the two
macroscopic marks clearly.

The first mark corresponded to the known point of crack initiation. Once again at time
= 0 hours, the crack depth is Imm or equal to the notch radius. This assumed that the
crack started at the end of the notch immediately. The fact that the gears failed in such
a short time, the gears contained such a big initial defect and extreme loading
conditions were applied to the gears, support the assumption that the crack started to
progress immediately from the notch.

The second known point was the end of the crack which could usually be seen quite
clearly in any fracture. However in this fracture, the fast fracture region could not be
located. The explanation for this is that the cuts used to section the gear were within
the fatigue fracture zone, thus preventing the full exposure of the fracture. After
detailed observation, a small portion of overload fracture was noticed in the top right
corner of the fracture indicating the end of the crack. This mark is labelled G as shown
in Figure 10.4. Hence the area of observation was concentrated in this area where a
straight line could be constructed between the notch and the end of the crack.

This fracture also exhibited two distinct marks which were very dark and noticeable
once the region was magnified. Initially these marks were correlated with the two load
features in the middle and end of the first run. This seemed logical since they both
contained a sharp drop in load from 45kW. However on further inspection, another
mark (B) was located near the notch which challenged the correlation made
previously. It suggested that mark B was associated with the peak in the middle of the
first run and the previous two marks (C and D) corresponded with the end of the first
run and the end of the second run respectively. This was a more satisfactory
interpretation, since the first peak occurred fairly early in the loading sequence
implying that the mark would need to be close to the notch.

Finally the two marks E and F were subtle marks found between mark D and the end
of the crack. These corresponded with the first sharp rise to 10kW and also the second
rise to 7kW in the final run.

The crack growth curve can be seen in Figure 10.5. As with the curve for Gear A2-1, the
trend is as expected. The log-linear curve is shown in Figure 10.6.
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Table 10.2 Crack growth analysis for Gear A2-2

Runs | Date Time Load Mark Raw depth | Crack Depth

(hours) (kW) Label (mm) (mm)

1 [13/05/96 0 0 A 37 1

1 |13/05/96| 2.085 45 B 56 1.51
1 |13/05/96{ 4.7333 45 C 87 2.35
2 14/05/96| 5.9139 33 D 119 3.22
3 15/05/96| 6.35809 10 E 144 3.89
3 15/05/96| 6.639433 7 F 160 4.32
3 115/05/96| 6.9958 0 G 177 4.78

1
\
\
r

Figure 10.4 Indication of progression marks on fracture surface of Gear A2-2
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Figure 10.6 Log-Linear crack growth curve for Gear A2-2
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10.3 GEAR A2-3

This was a more difficult fracture to analyse compared to the previous two gears. The
fracture was very textured and markedly three dimensional. Also the stain in the
middle of the specimen made it difficult to locate marks. The most prominent feature
of the fracture was the region of texture change. A change like this is characteristic of a
crack that has reached the edge of the gear, or possibly when the stress has changed in
a significant way. In that region, both of the above had occurred. The crack had
changed from a surface to an edge crack, and the loading was significantly reduced.
The table of data for this gear is shown in Table 10.3 and the corresponding fracture
surface showing the marks as white arrows is seen in Figure 10.7.

As with the previous gears, the first point on the crack curve coincided with the
initiation site at the notch tip (mark A). The region of overload could be observed very
easily (although out of focus in Figure 10.7, mark F), hence the final point was easily
obtained. This gear proved to be a challenging fracture to analyse, due to a distinct
mark occurring close to the notch. This will be discussed below as two separate
analysis attempts.

10.3.1 First Attempt

The first distinct mark observed was that of mark C, which is the mark occurring
straight after the texture change. It was mentioned that the texture change was
possibly due to a significant load change. Hence looking at the load history, it seemed
logical that this mark should correspond with the end of the first run since the loading
there dropped significantly from 45kW to a maximum of 16.3kW in the second run.

However on observing the fracture there were two distinct marks between the notch
and mark C. Mark N was a very definite mark which could be traced along the whole
crack front. This meant that mark C could not be correlated with the end of run one
since there were two distinct markings before it but only one load drop. Therefore
mark N had to correspond with the first load decrease in the middle of the first run.
This meant that mark B had to correspond with the end of run one, even though this
mark did not coincide with a change in texture in the fracture surface. Consequently,
mark C was correlated with the next significant load feature, the end of the second run.

Two marks were observed between mark C and the end of the crack (marks E and F).
These were related to the first increase of load to 10kW occurring at the start of the
third run, and to the middle of the third run where the rig was shut down. This
produced the crack growth curve as indicated by Figure 10.8 and the corresponding
log linear curve shown in Figure 10.9. As can be seen, these gave curves of increasing
crack depth with time, however the trend was not as smooth as the curves obtained for
the earlier gears. The first two points seemed to be inconsistent with earlier results.
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Table 10.3 First Attempt at Crack growth analysis for Gear A2-3

Runs | Date Time Load Mark Raw Depth | Crack Depth

(hours) (kW) Label (mm) (mm)

1 120/06/96 0 0 A 37 1

1 120/06/96[ 5.2369 45 N 62 1.68

1 121/06/96| 7.2877 45 B 115 3.12

2 [21/06/96| 11.0136 16.3 C 134 3.62

3 |27/06/96| 11.778 10 D 149 4.03

3 {27/06/96] 14.3064 15 E 181 4.89

3 |28/06/96] 18.5 0 F 216 5.84

Figure 10.7 Indication of progression marks on fracture surface of Gear A2-3
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Figure 10.9 Log Crack growth curve for Gear A2-3 (First Attempt)
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10.3.2 Second Attempt

The gear was observed under a binocular microscope, which gave a three dimensional
view of the fracture. The lighting used was dark field to give more contrast to the
image. This intensified mark N and made it impossible to dismiss it. There were
several factors however which when considered, made it illogical for the first mark to
relate to the peak in the middle of the first run. These were as follows:

1. Gear A2-1 and Gear A2-2 consistently had the load reaching high values up to
45kW throughout their entire runs. However Gear A2-3 was the only gear so far
which had a significant stress change occurring. That is, after the first run being
maintained constantly at 45kW, the loads in the second and third runs remained
extremely low in comparison. So it was expected that some texture change would
occur in that region of the fracture corresponding with that time.

2. The cracks in Gears A2-1 and A2-2 grew to about 2mm in only 3 hours of running at
45kW, so it was expected that Gear A2-3 after 5 hours of running at that same load,
would produce a crack depth of at least the same order, particularly since the gear
was of the same batch as the previous two gears. Mark N corresponded to a crack
depth of only 1.65mm, much less than the expected size of the crack in that time. In
addition, the MRI results also indicated that the crack had grown quite extensively,
becoming an edge crack at the end of the second run (Figure 8.4).

The only possibility left was the fact that some incident had occurred in the rig during
that time which could have caused a mark. This was quite possible since the mark
occurs as a result of an interruption to the applied loading. A search of the log file of
that particular run, revealed nothing to suggest that any extraordinary event had
occurred. The loading remained at 45kW up to 5 hours. However, looking at the
kurtosis trend for that run it was noted that a significant drop in the kurtosis had
occurred in the middle of the first run. The original log file confirmed that indeed there
was a drop in the kurtosis and also the RMS value. Further investigation eventually
revealed that the disturbance was due to oil pump modifications (Full details of this
are mentioned in Reference 3).

Hence, marks B and C evidently corresponded to the middle and the end of the first
run. Mark D which is situated in the newly textured area was correlated with the end
of the second run. Finally, mark E, a subtle mark, was correlated with the middle of the
third run at the point where the rig was shut down.

The crack growth data for this attempt is shown in Table 10.4. The final crack growth
curve for this gear is shown in Figure 10.10. As can be seen the curve is much
smoother. There are two distinct sections. The crack starts propagating steeply and
then there is a drop in the rate. This was due to the fact that the crack changed
direction after becoming an edge crack and the load applied to the gear was
significantly reduced. Figure 10.11 shows a similar trend.



Table 10.4 Crack growth analysis for Gear A2-3 (Second Attempt)
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Figure 10.10 Crack growth curve for Gear A2-3 (Second Attempt)

Runs | Date Time Load Mark Raw Depth | Crack Depth
(hours) (kW) Label (mm) (mm)
1 120/06/96 0 0 A 37 1
1 |20/06/96| 5.2369 45 B 115 3.11
1 |21/06/96| 7.2877 45 C 134 3.62
2 |21/06/96] 11.0136 16.3 D 149 4.03
3 [27/06/96| 11.778 10
3 [27/06/96]| 14.3064 15 E 181 4.89
3 |28/06/96| 185 0 F 216 5.84
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Figure 10.11 Log-Linear crack growth curve for Gear A2-3 (Second Attempt)

10.4 GEAR A2-5

The values used in the crack curve are shown in Table 10.5 and the fracture surface
showing the location of the marks (white arrows) is shown in Figure 10.12. This
fracture was stained in many areas making it extremely difficult to find marks. The
standard points were obvious in this fracture. That is, the notch as the crack initiation
site, and the end of the crack in the overload region. After the notch, there were only
two distinct marks which could be observed. From the loading history it was
reasonable to assume that these marks would be correlated with the middle and the
end of the first run. The first mark occurred in the middle of the stain which made it
very difficult to trace the mark along the entire crack front. The second mark could
only be observed on one side of the notch but that part of it could be seen very clearly.

The same problem existed as for Gear A2-3, where the load was significantly reduced
from 45kW, to low levels in the second and third runs, preventing production of any
distinct marks. It was expected that there would be a mark at the end of the second run
where the load drop was quite substantial however this placed the mark so close to the
end of fracture (since the crack propagated so rapidly) that it was hard to distinguish.
The crack growth curve for Gear A2-5 is shown in Figure 10.13. This graph shows the
same trend as for Gear A2-3 where it starts off as an exponential curve and then the
rate decreases. This behaviour is feasible since the MRI results indicated that the crack
grew substantially in the first run but there was only a small amount of propagation
thereafter. No real texture change was noticed between the end of the first run and the
start of the second, as with the previous gear at that instant. However at that moment,
the crack was close to the fast fracture region, so any texture change was hard to see.
Figure 10.14 shows the log linear curve for the fracture which shows this change in rate
clearly.



Table 10.5 Crack growth analysis for Gear A2-5

DSTO-TN-0137

Runs | Date Time Load Mark Raw Depth | Crack Depth
(hours) (kW) Label (mm) (mm)
1 19/07/96 | 0.0028 0 A 37 1
1 9/07/96 | 3.9278 45 B 54 1.46
1 [10/07/96| 6.5259 45 C 84 2.27
3 |19/07/96] 12.6 0 D 91 2.46

GEAR A2-5

Figure 10.12 Indication of progression marks on fracture surface of Gear A2-5
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11. Correlation with Kurtosis values

The remaining step was to correlate the crack growth curves obtained from the
fractographic measurements with the trend of the kurtosis indices acquired from the
gear rig. This had its limitations. The crack growth curves were based on correlating
the marks measured on the gear fracture surface, with the applied loading. For most of
the gears only a few marks could be seen, due to the characteristics of the surface, or
the limited number of load features producing the marks. This resulted in only 4 to 7
points on the crack growth curves. Obviously this provided only a broad indication of
what was actually happening in the initial stages of the crack and throughout its life.

In addition it was very difficult to make a direct comparison between the two
parameters since one of them was the trend of a physical distance, and the other was
the trend of a local condition index obtained from vibration analysis. However if the
kurtosis does give an accurate representation of the local condition of the cracked gear
tooth, then it is expected that both curves should exhibit the same sort of behaviour.

Figures 11.1 to 11.4 show the trend of the kurtosis superimposed onto the crack growth
curves obtained for the four gears. As can be seen, the kurtosis does not have that
exponential increase that the crack growth exhibits. Interpretation of the two curves is
difficult because the values fluctuate with the termination of runs. Based on these
curves however, it is evident that the kurtosis can provide an indication of the
presence of the crack, but gives no clear correlation with the progression of the crack
over each stage of its life. Therefore it does not appear to be a good indicator of the
actual crack growth characteristics of the gear.
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Figure 11.1 Kurtosis trend of Gear A2-1
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12. Discussion and Concluding Remarks

Crack growth curves were obtained for four low-alloy steel spur gears using
fractographic methods. Many parameters had to be considered when analysing the
fracture surfaces. The quality of illumination was found to be extremely critical to the
final results since it determined which marks could or could not be seen. In fact the
whole investigation was based on using the best possible methods to locate
progression marks and to distinguish them from other marks. In addition, these marks
had to be correlated with the load features that caused them. As discussed in Section
10, this was a difficult task and one that required patience and persistence.

There were many factors contributing to the difficulty of locating marks on the fracture
surface. There was a large amount of relief on the fracture and a compromise had to be
made balancing the depth of field while still obtaining good resolution. As a result,
when trying to trace a crack along the whole crack front, the image would
continuously go in and out of focus making it easy to lose the location of the mark.

When cracks occur on different planes, they will at some stage overlap. At that instant
the behaviour is analogous to a spring. The load is shared and hence the crack growth
rate locally is reduced. The result is a fragmented crack front. Consequently the mark
will not have a consistent appearance along the crack front. It is quite possible that one
mark will change from black to white or undergo a change in texture because of the
material characteristics. These factors had to be considered to avoid the danger of
looking for only one type of mark.
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In some fractures, the peaks in the load history in the later runs, although not as
significant as the earlier load peaks, produced distinct marks on the surface. As the
crack depth increases, the stress intensity factor K, also increases, and consequently,
features in the load occurring at a later stage produce marks that are more pronounced.

Many factors can influence the crack growth curves. The final curves all showed the
trend of crack depth increasing with time. Gear A2-1 and Gear A2-2 showed a smooth
exponential curve, whereas Gear A2-3 and Gear A2-5 both showed an initial rapid
crack propagation followed by a slower propagation rate. This was attributed to the
crack reaching the end of the tooth root becoming an edge crack, and also due to the
significant change in loading applied to the gears. It is apparent that the loading
history has a major influence to what is finally produced in the curves. In these
experiments the kurtosis was the governing parameter determining the loading
applied to the gear. However this approach leads to complex crack growth behaviour
and this does not necessarily produce the desired marks on the fracture surface. Hence,
in order to produce curves like those observed for the first two gears, the loading
would need to be implemented in such a way as to produce many macroscopic marks
along the entire fracture surface, especially near the notch in the initiation stage. One
possibility involves running the rig for only one hour at a time at a load of 45kW
followed by a sharp drop in load. This would produce the marks required and prevent
the crack progressing too rapidly.

Two other parameters were discussed in this investigation. The kurtosis, which is a
local fault index obtained from vibration analysis software, and the MRI results. The
final values of the MRI results were compared with the final surface crack depths and
the final fracture crack depths. In all cases these were found to be in good agreement.
However the MRI technique was shown to be limited since it only gave values of crack
length initially, until the crack reached the edge where the true crack depth values
were obtained. Since the crack depth values usually consisted of one or two points, this
was not sufficient to provide a useful comparison with the crack growth curves or
kurtosis trends already obtained. The usefulness of the MRI technique lies in two
areas. Firstly in conjunction with the gear rig as an indication of the presence and
approximate location of the crack. Secondly in connection with the fracture analysis of
the gears, as a guide to where any macroscopic progression marks might be located.

Finally, the crack growth curves were plotted together with the kurtosis trends, and an
attempt was made to compare and correlate the two curves. More cases will need to be
analysed before any final conclusions can be reached, but so far, the graphs do not
seem to indicate any correlation. The kurtosis is adequate for the gear rig in terms of
indicating the presence of a crack, but does not appear to correlate in any obvious way
with the development of the crack from initiation until fracture.
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